Abstract. the aim of the present study was to reveal the role of long noncoding rnas (lncrnas) in the regulation of the pathogenesis of optineurin (oPtn)-silenced cells. the microarray data set GSe12452 was re-annotated using the non-coding rna function annotation server to identify differentially expressed lncrnas. Weighted correlation network analysis was used to construct an lncrna-lncrna co-expression network and identify co-expression modules. three oPtn small interfering rnas (sirnas) were transiently transfected into Hela cells. reverse transcription-quantitative polymerase chain reaction (rt-qPcr) and western blot analysis were used to detect oPtn expression and select the most effective oPtn sirna to construct stably transfected cells. rt-qPcr was used to quantify the identified lncRNAs in the OPTN-silenced cells. the potential functions of these modules were explored by the functional enrichment of the corresponding co-expressed genes. a total of 3,495 lncrnas were re-annotated. of these, matrix metalloprotease 12 and rP11-169d4.1 were upregulated, and rP1-212P9.2 was downregulated. the results of the rt-qPcr analysis of rP1-212P9.2 and rP11-169d4.1 were consistent with the re-annotated data in the oPtn-silenced cells. Gene ontology analyses indicated that the biological functions of the mrnas co-expressed with these lncrnas were associated with gene product regulation, and neuronal migration, polarity and differentiation. in addition, Kyoto encyclopedia of Genes and Genomes analysis indicated that the two validated lncrnas were associated with the transforming growth factor-β signaling pathway and the apoptosis pathway, respectively. in conclusion, the abnormal lncrnas identified in OPTN-silenced cells indicate that lncRNAs may contribute to the molecular pathogenesis of oPtn-associated diseases.
Introduction
Primary open-angle glaucoma (PoaG) is characterized by degenerative changes in the optic nerve and retinal ganglion cells (RGCs) and leads to progressive visual field loss with or without elevated intraocular pressure (ioP) (1) . numerous studies have demonstrated that genetic factors serve an important role in PoaG. it has been found that mutations in the optineurin (oPtn) gene may be associated with rGc degeneration and increase susceptibility to the development of PoaG (2, 3) . furthermore, studies have indicated that oPtn is important in various physiological processes, including the nuclear factor-κB pathway, vesicle trafficking, protein secretion and the control of cell division (4, 5) . these functions depend on the precise subcellular localization of oPtn, its post-translational modifications and interactions with binding partners, including rab8, huntingtin and myosin Vi (6, 7) . However, how these diverse functions of oPtn are integrated into a comprehensive network remains unclear.
long noncoding rnas (lncrnas) are a class of rna molecules >200 nucleotides in length that structurally resemble mrnas but do not encode proteins (8) . Studies have shown that lncrnas are often interspersed between, or overlap with diverse coding and non-coding transcripts (9) . the extensive functions of lncrnas include precise subcellular localization, high-order chromosomal dynamics, telomere biology and regulation of the expression of neighboring protein-coding genes (10-12). Highly sensitive genome tiling arrays have demonstrated that the ability of lncrnas to regulate protein-coding genes may serve important roles in various human diseases, including cardiovascular diseases, cancer and neurological diseases (13, 14) . oPtn has been identified as a gene that is associated with hereditary neurological diseases (2, 15) . in addition, lncrna as a key regulator rarely exerts a biological function alone and may act synergistically (16, 17) . thus, the analysis of oPtn-associated lncrnas by constructing an lncrna-lncrna co-expression network for oPtn and identifying lncrna co-expression modules may potentially improve our understanding of the complex molecular mechanisms associated with the pathogenesis of oPtn-associated diseases.
to investigate the underlying role of lncrnas in the regulation of oPtn function, oPtn-silencing microarray data was re-annotated in the present study to identify differen-tially expressed lncrnas and the potential functions of these lncrnas were explored by functional enrichment analysis of the corresponding co-expressed genes.
Materials and methods
Microarray. the dataset GSe6819 was downloaded from the Gene expression omnibus (Geo) database (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSe6819). this microarray dataset was designed to investigate the comprehensive molecular mechanisms by which oPtn mediates, and identified genome-wide molecular changes upon OPTN silencing in Hela cells by microarray technology (18) . it comprises three samples treated with small interfering RNA (siRNA) specific for OPTN mRNA and three samples treated with water (mock experiment) using the Human Genome u133 (HG-u133) Plus 2.0 array (affymetrix; thermo Fisher Scientific, Inc., Waltham, MA, USA).
Functional re-annotation of lncRNAs. the non-coding rna function annotation server (ncfans) was used to re-annotate the probes on the HG-u133 Plus 2.0 array (19) . differentially expressed lncrnas were selected using the fold-change method with an absolute log 2 fold-change threshold of >1. the fold-change values for each probe were calculated. each probe was then converted to its entrez Gene id. if one gene matched more than one probe, its expression value was computed by averaging the expression values of all corresponding probes.
Construction of a lncRNA-lncRNA co-expression network and detection of co-expression modules. Pearson's correlation coefficients (PCCs) between expressed values of each lncRNA in all samples were calculated using the weighted correlation network analysis (WGcna) r software package, which is a comprehensive collection of r functions for performing various aspects of weighted correlation network analysis (20) . the package includes functions for network construction, module detection, gene selection and calculations of topological properties. the co-expressed lncrna pairs with P<0.01 and absolute Pcc >0.75 were selected. furthermore, lncrna-lncrna co-expression modules were also detected using this package. the average absolute fold-change values of lncrnas for all modules were then calculated. the top three differential modules with the greatest average absolute fold-change values were selected.
Cell culture and knockdown of OPTN. the Hela cell line (american type culture collection, manassas, Va, uSa) was cultured in dulbecco's modified eagle's medium (Hyclone, logan, ut, uSa) containing 10% fetal bovine serum (Gibco-Brl; thermo fisher Scientifc, Grand island, nY, uSa), 20 µg/ml penicillin and 20 µg/ml streptomycin at 37˚C in a humidified atmosphere with 5% CO 2 . the day prior to transfection, the cells were plated in a 6-well plate (10,000 cells/well) in an appropriate volume of growth medium without antibiotics such that they were 30-50% confluent at the time of transfection. sirnas were transfected using 10 µl/well X-tremeGENE siRNA Τransfection reagent (roche diagnostics, Basel, Switzerland) at 10 nm final concentration, and the cells were harvested after 48 h. the sirna oligonucleotides were synthesized by Guangzhou ribobio co., ltd. (Guangzhou, china). the sequences are presented in table i.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
. total rna was isolated from cultured Hela cells using a High Pure rna isolation kit (roche diagnostics). complementary dna was synthesized from 1 µg total rna using the High capacity cdna reverse transcription kit (applied Biosystems; thermo Fisher Scientific, Inc.). All RT-qPCR experiments were run in triplicate as singleplex reactions on the 7500 fast real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, inc.) using SYBr-Green (roche diagnostics), according to the manufacturer's instructions. the rt-qPcr conditions involved a denaturation step (95˚C for 10 min), and amplification and quantification were repeated 40 times (95˚C for 15 sec, 56˚C for 15 sec and 72˚C for 30 sec, respectively). The relative gene expression levels were quantified based on the quantification cycle (Cq) and normalized to the reference gene glyceraldehyde 3-phosphate dehydrogenase (GaPdH). the ΔΔCq method was used for relative quantification of gene expression, according to miQe guidelines (21) . all primers used in the reactions are presented in table ii.
Protein isolation and immunoblotting. cells were lysed in radioimmunoprecipitation assay buffer supplemented with protease inhibitor cocktail (Biotool llc, Houston, tX, uSa) for 30 min on ice to extract the total protein. Protein concentrations were determined using a bicinchoninic acid protein assay (oriGene technologies, inc., Beijing, china). the protein samples were boiled in 1X sodium dodecyl sulfate buffer for 10 min. equal amounts of proteins (50 µg/lane) were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes. the membranes were blocked with 5% skimmed milk for 1 h at room temperature, probed with antibodies and visualized using an enhanced chemiluminescence reagent (oriGene technologies, inc.). Western blot analysis was performed to detect the oPtn protein, and GaPdH was used as the internal reference. Primary antibodies were anti-oPtn (1:400; sc-271549) and anti-GaPdH (1:5,000; sc-47724) (both from Santa cruz Biotechnology, inc., dallas, TX, USA) (incubation at 4˚C overnight). The secondary antibody was rabbit anti-mouse alkaline phosphatase-igG (1:500; ta130002; oriGene technologies, inc.) (incubation for 1 h at room temperature). The protein bands were quantified using a Bio-rad chemidoc™ eQ densitometer and Bio-rad Quantity Identification of co-expressed genes and functional enrichment. to explore the potential functions of the differentially expressed lncrnas, co-expressed genes for the lncrnas in the selected co-expressing modules were detected. to do this, the Pccs between each differentially expressed lncrna and all genes across all samples were calculated. the genes with a strict cut-off (Pcc >0.9 or <-0.9) were identified as co-expressed genes. Gene ontology (Go) analysis was then conducted and gene sets were mapped to Kyoto encyclopedia of Genes and Genomes (KeGG) pathways to identify the potential biological functions of the genes co-expressed with the lncrnas using the database for annotation, Visualization and integrated discovery (daVid, version 6.7) (22) .
Statistical analysis. data are presented as the mean ± standard error of the mean, unless otherwise stated. differences between the groups were analyzed using analysis of variance followed by dunnett's test. the analysis was performed with SPSS 18.0 software (SPSS, inc., chicago, il, uSa). all tests were two-sided. P<0.05 was considered to indicate a statistically significant result.
Results
Re-annotated microarray data. a total of 3,495 lncrnas were re-annotated. three lncrnas with high fold-change values in the oPtn-silenced cells as compared with normal cells in the microarray were identified. These were matrix metalloprotease 12 (mmP12; upregulated), rP11-169d4.1 (upregulated) and rP1-212P9.2 (downregulated).
LncRNA-lncRNA co-expression network and co-expression modules. the lncrna-lncrna co-expression network was constructed using the WGcna r software package. in this network, nodes represented lncrnas and two nodes were connected if the Pcc between the expression values of these two lncrnas was >0.7 or <-0.7 and P<0.01. there were 3,495 nodes and 49,836 edges in this network ( fig. 1a ). in addition, WGcna analysis also detected 74 modules in this network. the three modules with the greatest average absolute fold-change values are presented in fig. 1B . in module 3, rP1-212P9.2 was the most strongly downregulated (blue ellipse in fig. 1B ).
Validation of OPTN knockdown. three oPtn sirna-expressing sequences (sioPtn-1, sioPtn-2 and sioPtn-3) and one negative control (sioPtn-nc) were transiently transfected into Hela cells. the knockdown of oPtn by the three sirnas was assayed using rt-qPcr. as shown in fig. 2a , the cells transfected with sioPtn-1, sioPtn-2 and sioPtn-3 exhibited 50.12, 40.37 and 34.74% oPtn expression relative to the untransfected cells, respectively, all of which were found to be significant reductions as compared with the control (P<0.01; n=3). oPtn levels in the cells transfected with sioPtn-nc were not observed to be significantly different from those in the untransfected cells (86.01%; P>0.05; n=3), indicating that the transfection itself did not affect oPtn expression. Western blot analysis was used to validate the rt-qPcr results ( fig. 2B and c) . as shown in fig. 2c , sioPtn-2 and -3 significantly inhibited oPtn protein expression (P<0.05; n=3). therefore, sioPtn-2 and -3 were used to construct stably transfected cell lines, which were used in the following experiments.
Validation of lncRNAs with RT-qPCR. to verify the results obtained with the re-annotated data, rt-qPcr assays were performed to detect the differences of lncrna expression between cells transfected with sioPtn-2 and -3 and untransfected cells (Fig. 3) . RP1-212P9.2 was significantly downregulated (P<0.01) and RP11-169D4.1 was significantly upregulated (P<0.01), which was consistent with the re-annotated data.
Detection of lncRNA functions. Gene enrichment provides a means of evaluating gene and gene product enrichment according to function, to facilitate the identification of Gos with particular relevance (23, 24) . in the present study, it was identified that the rP1-212P9.2 and rP11-169d4.1 co-expressed mRNAs were most significantly associated with 'negative regulation of gene expression' and 'microtubule cytoskeleton organization' (ontology, biological process), respectively ( fig. 4) . to illustrate the potential biological functions of lncrnas in the modules, a co-expression network was constructed for the co-expressed coding genes of rP1-212P9.2 and rP11-169d4.1 and these coding genes were mapped to KeGG pathways using KeGG data mapping tools. the pathways comprised apoptosis (path, 04210), oxidative phosphorylation (path, 00190), axon guidance (path, 04360), ubiquitin-mediated proteolysis (path, 04120), cell cycle (path, 04110), lysosome (path, 04142), endocytosis (path, 04144), transforming growth factor (tGf)-β signaling pathway (path, 04350) and neurotropin signaling pathway (path, 04722). among these pathways, the tGf-β signaling pathway and apoptosis pathway are associated with basic biological processes of neural functions. the red genes represent co-expressed genes of the annotated lncrnas ( fig. 5a-b and B-b) .
Discussion
as the sensitivity of genome tiling arrays has increased, the concept of the functional genome has been revised to encompass an abundance of newly discovered lncrna transcripts. lncrnas are widely expressed in the mammalian nervous system and numerous lncrnas are likely to serve critical roles in neuronal development and activity (13) . However, the changes of lncrna expression associated with ocular disorders are just beginning to be elucidated (25) . Previous studies have shown that disturbing the homeostasis of oPtn by overexpression or knockdown results in adverse consequences on cellular function, leading to the progression of neurodegenerative diseases including amyloid lateral sclerosis, Paget's disease of bone and PoaG (2, 15, 26) . Glaucoma is the second most common cause of blindness in humans, and the most common form of this disease is PoaG, which is caused by the irreversible progressive degeneration of rGcs (27) . to investigate the molecular mechanisms and figure 1 . construction of the lncrna-lncrna co-expression network and co-expression modules. (a) the co-expressed lncrna pairs with Pcc >0.75 or <0.75 and P<0.01 were selected. (B) the top three differential modules were selected by calculating the average absolute fold-change values of lncrnas for all modules (PCC >0.9 or <-0.9). The lncRNAs with a blue border are downregulated lncRNAs. lncRNA, long noncoding RNA; PCC, Pearson's correlation coefficient.
signal pathways of oPtn in PoaG, Weisschuh et al (18) used rna interference technology to silence the expression of oPtn in Hela cells, and found a series of differentially expressed genes using microarray technology. Based on this, the oPtn-silencing microarray data were re-annotated, differentially expressed lncrnas were identified and an lncrna-lncrna co-expression network was constructed in the present study. as a result, three lncrnas, namely mmP12, rP11-169d4.1 and rP1-212P9.2 with fold-change values >2 or <0.5 were identified. Among them, the first two lncRNAs were upregulated, while the third was downregulated. rt-qPcr assays were performed to verify the results of the re-annotated data and these demonstrated that rP1-212P9.2 was downregulated (P<0.01), while rP11-169d4.1 was upregulated (P<0.01), consistent with the re-annotated data.
It is difficult to predict the functions of lncRNAs on the basis of their nucleotide sequences only, since the majority of them are poorly conserved in mammals, as compared with protein-encoding genes (28) . therefore, to explore the potential functions of the lncrnas in oPtn-silenced cells, a lncrna/mrna co-expression network was constructed based on the correlation analysis. this indicated that rP1-212P9.2 and rP11-169d4.1 co-expressed mrnas are targeted to 'negative regulation of gene expression' and 'microtubule cytoskeleton organization' (ontology, biological process), respectively. these biological processes may be involved with the regulation of gene products, and neuronal migration, polarity and differentiation (29) . KeGG pathway analysis indicated that the mrnas co-expressed with the lncrnas were involved in biological functions including apoptosis, oxidative phosphorylation, axon guidance, ubiquitin-mediated proteolysis, the cell cycle, lysosome, endocytosis, the tGf-β signaling pathway and the neurotropin signaling pathway. these signaling pathways are closely associated with pathological processes such as neurodegeneration (30, 31) , neuronal cell death, survival and migration (32) , suggesting that the lncrna-mediated network may serve an extensive role in the pathogenesis of oPtn-associated diseases.
notably, the tGf-β signaling pathway and apoptosis pathway are associated with basic biological processes of neural diseases (33) (34) (35) . the tGf-β signaling pathway regulates diverse cellular processes, including cell proliferation, differentiation, plasticity and migration (36) . in addition, it is involved in the development of the nervous system and exhibits neuroprotective functions (33) . furthermore, tGf-β is a vital growth factor in the pathogenesis of glaucoma (37) . it stimulates the proliferation of human Tenon's fibroblasts and alters the cytoskeleton, which causes ocular hypertension and fibronectin deposition in the trabecular meshwork (tm) (38) . a previous study indicates that bone morphogenetic proteins (BmPs) antagonize tGf-β signaling (39) . furthermore, in glaucomatous tm cells and tissues, a BmP antagonist directly elevated ioP through the canonical tGf-β/Smad pathway (40) . in accordance with these studies, the tGf-β signaling pathway gained the highest count score during KeGG analysis in the present study.
the apoptosis pathway is a genetically controlled mechanism of cell death involved in the regulation of tissue homeostasis. KeGG analysis in the present study indicated that rP11-169d4.1 is enriched in apoptosis. this implies that apoptosis is a crucial event in oPtn-silenced cells. PoaG is characterized by progressive degeneration induced by the apoptosis of rGcs in optic nerves (41) . it has been reported that rGc degeneration is partly initiated via apoptotic pathways; among the involved pathways, the phosphoinositide 3-kinase/akt pathway, Bcl-2 family and caspase family were suggested to be the most important (42) . in summary, differentially expressed lncrnas in oPtn-silenced cells may be crucial in regulating the molecular mechanisms of glaucoma. However, in the future, further exploration of this hypothesis is necessary. although the detailed mechanisms of oPtn-associated diseases have not been fully elucidated, the differentially expressed lncrnas may serve important roles in their corresponding signaling networks, and facilitate the regulation of coding genes. lncrnas possibly regulate gene expression through directing methylation complexes, initiating chromatin remodeling, targeting transcription factors and blocking nearby transcription (43) . the present understanding of the regulatory effect of lncrna in oPtn mutation is limited. in the future, alternative techniques may be used to determine the biological functions of the lncrnas, such as lncrna silencing and structure disruption (44) .
in conclusion, the present study demonstrated the ability of functional re-annotation to identify differentially expressed lncrnas in the microarray dataset. this approach has been successful in the identification of altered lncRNA expression in previous studies (45, 46) . the present study provides new insights into the involvement of lncrnas in the pathogenesis of oPtn-associated diseases. However, further study is required to understand the biological functions and molecular mechanisms of the distinct lncrnas implicated in oPtn-associated diseases.
